This appendix includes a tabulated sample catalogue with information on sample locations, lithology and mineralogy, petrographic descriptions of metapelitic samples at localities either referred to in the narrative or else for general reference and background information, including representative garnet profiles in samples from various units.
Sample catalogue

Metapelitic sample descriptions
In this section metapelitic samples from various units in Bhutan are described in detail.
LG-09-1
Location
LG-09-1 is an in-situ sample of GHS collected within a few kilometres of the basal GHS contact with Paro metasediments from a road section east of Wangdue in central Bhutan.
Assemblage and textures
LG-09-1 has a mineral assemblage of garnet, plagioclase, potassium feldspar, muscovite, biotite, quartz, tourmaline, apatite and ilmenite. Garnet porphyroblasts are <1 mm in diameter and subrounded. Inclusions of randomly-distributed quartz within the garnet porphyroblasts are <0.1 mm in diameter.
Plagioclase forms a common matrix phase and contains inclusion of quartz. The matrix is dominated by irregular bands which are alternately quartz-absent and quartz dominant, <0.2 -5 mm wide.
Zoning and composition
Garnet from this sample shows subtle chemical zonation. Most of the grain shows no variation in chemistry, however the outer ~25 µm shows slight variation. The almandine content is approximately constant at X alm ≈ 0.67 throughout the grain. The pyrope content is approximately constant at X py ≈ 0.11 decreasing at the rim to X py ≈ 0.09. The spessartine content is approximately constant at X spss ≈ 0.17 increasing towards the rim to X spss ≈ 0.20. The grossular content is constant throughout the grain at X gr ≈ 0.05.
Biotite grains are unzoned with a constant chemistry of X Fe ≈ 0.60, muscovite varies between X Fe ≈ 0.62 -0.68 and plagioclase analyses show a fairly constant chemistry of X Ca ≈ 0.27.
Deformation history
The compositional banding within this sample suggests that this rock has experienced pervasive deformation.
Retrogression
The absence of chlorite and mineral breakdown textures suggest that this sample has not experienced retrogression. Garnet is partially resorbed.
LG-09-6
Location
LG-09-6 is an in-situ sample of GHS within a few kilometres of the top GHS contact, collected from a road section west of Trongsa in central Bhutan.
Assemblage and textures
LG-09-6 has an assemblage of garnet, staurolite, sillimanite, kyanite, plagioclase, muscovite, biotite, quartz, tourmaline and ilmenite. Garnet porphyroblasts are <3 mm in diameter and subrounded. Inclusions of quartz, staurolite, kyanite and ilmenite within the garnet porphyroblasts are <0.1 mm in diameter, common and randomly distributed (Fig5.4).
Porphyroblastic staurolite grains are measuring up to 3 mm in length and vary from elongate to equant in shape. Biotite, quartz, kyanite, garnet, graphite and ilmenite are found as inclusions in staurolite. Kyanite inclusions in staurolite are up to 0.3 mm across accompanied by quartz.
Staurolites are concentrated in the mica-rich bands, exhibit sector zoning and are wrapped by the external fabric.
Kyanite laths between 0.3 and 1.5 mm in length are associated with mica-rich layers and staurolite. They are also found within pressure shadows and commonly share a crystal face with the staurolite (Fig. 5.4) . Rare plagioclase is observed in the matrix. Biotite is found as elongate laths within mica-rich layers orientated parallel to the pervasive foliation and random orientations within the pressure shadows of staurolites. Muscovite is fine-grained and foliation parallel while quartz-rich regions are constituted of smaller subgrains. Fibrolitic sillimanite is present as irregular patches associated with biotite, it is common on some foliation surfaces in hand specimen. The matrix is dominated by quartz absent and quartz dominant irregular bands <0.2 -5 mm wide.
Zoning and composition
Garnet shows no chemical zonation except at the outer edge of the grain, <100 µm from the rim (Fig. 5.1 and Fig. 5.4f) . The almandine content is fairly constant at X alm ≈ 0.76 with a very minor increase at the rim. The pyrope content is approximately constant at X py ≈ 0.14 decreasing to X py ≈ 0.13 at the rim. The spessartine content is approximately constant at X spss ≈ 0.03 increasing towards the rim to X spss ≈ 0.06. The grossular content is high in the core at X gr ≈ 0.02 increasing towards the rim to X gr ≈ 0.05. The single analysed garnet inclusion in staurolite has a chemistry of X alm ≈ 0.75, X py ≈ 0.14, X spss ≈ 0.06, X gr ≈ 0.04 similar to the composition of the rims of matrix garnet. 
Deformation history
The variety of inclusions found within different phases in this rock indicates a complicated growth and deformational history. Kyanite and staurolite inclusions within garnet suggest that these two phases were present before or during the first phases of garnet growth. Kyanite and garnet inclusions within staurolite suggest that these two phases were present before or during staurolite growth. Barring these inclusions being a 3D effect of the way the thin section was cut, the simplest solution for these textures is that there were two phases of staurolite growth at kyanite grade: an early phase of growth, with the grains subsequently included in garnet, and a later phase of growth which itself included garnet. Alternatively there are two phases of garnet growth: an early phase which got overgrown by staurolite and a later phase which overgrew some of the staurolite. The staurolites and garnets are both wrapped by the external fabric so must have grown pre-or syn-deformation.
The absence of chlorite indicates that little retrogression has occurred and the assemblage represents reasonable peak conditions. Garnet is partially resorbed.
LG-09-9
Location
LG-09-9 is an in-situ sample of TSS from the base of the klippen collected/sampled from a quarry on the roadside south of Trongsa in central Bhutan.
Assemblage and textures
It has a mineral assemblage of garnet, muscovite, biotite, plagioclase, quartz, tourmaline, apatite and ilmenite. Garnet porphyroblasts are rod-shaped; in sections parallel to dip direction they are euhedral, <3 mm in diameter and anhedral in sections orientated perpendicular to foliation and dip, <5 mm in length and commonly embayed. Inclusions of quartz and ilmenite are common but biotite is rare. The inclusions form straight trails within the garnet at an oblique orientation to the external fabric. At the garnet rims, there is some evidence for inclusions forming trails that are parallel to the external fabric.
Fine-grained quartz, muscovite, biotite and rare plagioclase make up the matrix. Plagioclase grains in the matrix are elongate and parallel to foliation. They are rare, anhedral and embayed. Mica and ilmenite are concentrated into bands parallel to the foliation that wraps the garnet porphyroblasts.
Zoning and composition
Garnet shows modest chemical zoning. The almandine content is lower in the core at X alm ≈ 0.65 increasing gradually towards the rims to X alm ≈ 0.77. The profile is smooth with no obvious breaks in composition. The pyrope content behaves similarly at lower modal proportions; X py ≈ 0.06 in the core increasing to X py ≈ 0.12 at the rim. In contrast, the grossular content is high in the core at X gr ≈ 0.17 decreasing towards the rim to X gr ≈ 0.08. The spessartine content is also higher in the core at X spss ≈ 0.08 decreasing towards the rim to X spss ≈ 0.02.
Biotite shows no systematic change in composition, X Fe ≈ 0.52 -0.54. Muscovite is unzoned but varies with location; matrix muscovite shows X Fe ≈ 0.52 and muscovite inclusions in garnet show X Fe ≈ 0.58. Plagioclase is zoned, decreasing from X Ca ≈ 0.43 in the core to X Ca ≈ 0.38 at the rim.
Deformation history
Garnets are wrapped by a fabric defined by mica. The inclusion trail in garnet suggest that a pervasive deformational event occurred syn-and post-garnet rim growth rotating the garnet or two deformational events occurred, one recorded in the core of the garnet and a later event in the matrix foliation.
Retrogression
Sparse chlorite is localised around the vertices of garnets, associated with biotite. It is also found in small quantities within cracks in garnet. Although small volumes of chlorite are present, it is assumed that little retrogression has occurred and the assemblage represents reasonable peak conditions.
LG-09-32
Location
The highest sample in tectono-stratigraphic sequence, LG-09-32 was collected in-situ from a road cut between Zhemgang and Surey, on the order of 5 km structurally above the basal klippen contact.
Assemblage and textures
LG-09-32 contains garnet, muscovite, biotite, quartz, tourmaline and ilmenite. Euhedral garnet porphyroblasts are <3 mm in diameter. A second population of smaller, <0.3 mm diameter, rounded garnets are common in specific horizons. Inclusions of quartz, tourmaline and oxides form sigmoidal trails, which are mostly truncated relative to the external fabric. Biotite grains are commonly large and elongate, measuring up to 6 mm x 2 mm, and are generally orientated parallel to the pervasive foliation. Muscovite, quartz and ilmenite are included within subhedral, partly embayed biotite grains. Zircon, evident by the blackened haloes it causes, is common in biotite. The matrix is dominated by concentrated bands of muscovite and quartz <1 -2 cm wide.
Muscovite is fine-grained <0.2 mm with grains aligned to the foliation while parallel elongate quartz-rich regions are constituted of smaller subgrains. Plagioclase and potassium feldspar were very fine-grained and identified only under the electron microprobe. The feldspar grains analysed was found in the matrix adjacent to garnet.
Zoning and composition
Garnet shows clear and distinct chemical zoning. The almandine content is fairly constant at X alm ≈ 0.4 in the core, increasing gradually towards the rims where X alm approaches 0.8. There is a slight jump in the almandine content at approximately 700 µm from the rim observable in the garnet profile data. The pyrope content behaves similarly at lower modal proportions; X py ≈ 0.02 in the core and X py ≈ 0.08 at the rim. The spessartine content is high in the core at X spss ≈ 0.35 decreasing towards the rim to X spss ≈ 0.08. There is a distinctive jump in the spessartine content at ~700 µm from the rim from X spss ≈ 0.33 to X spss ≈ 0.35 before decreasing again towards the rim. This jump is also qualitatively observed in the element map. The grossular content is high in the core at X gr ≈ 0.20 decreasing towards the rim to X gr ≈ 0.06. In contrast to the spessartine and almandine profiles there is a dip in grossular content at ~700 µm from the rim decreasing from X gr ≈ 0.20 to X gr ≈ 0.15 before increasing then decreasing again from core to rim.
Biotite and muscovite show no systematic change in composition across the grains; biotite shows 
Deformation history
The muscovite in the matrix forms a clear crenulation cleavage with a spacing of ~3 mm indicating an early S1 foliation forming fabric and a late S2 crenulation. The crenulation is commonly focussed on the edges of the garnets and large biotites indicating S2 occurred after the growth of these two phases. Inclusion trails in biotite reflect the exterior foliation and suggest biotite growth post-S2.
A sharp change in the orientation of the inclusions within the garnet coinciding with an abrupt change in the chemistry indicated by the profile and element map indicate diversion from simple continuous prograde garnet growth. The inclusions trails appear to be continuous rather than truncated suggesting that the garnet did continue growing throughout the period. The change in chemistry could be due to a change in available bulk rock chemistry such as the breakdown or growth of a new phase. The garnet became depleted in calcium and enriched in manganese and iron at this time; the growth of Ca-bearing phases such as apatite or allanite could be responsible.
Retrogression
Euhedral garnet and an absence of chlorite suggest that little retrogression has occurred and the assemblage represents reasonable peak conditions.
LG-09-41
Location
LG-09-41 is an in-situ sample from a road cut within the Chekha formation approximately 150 m structurally above the basal klippen contact near Surey.
Assemblage and textures, deformation history, retrogression
LG - Muscovite is concentrated in bands orientated in one of two directions distinct from the main foliation forming a herringbone pattern or an aligned series of grains of a single limb. It is inferred that the pattern is a result of crenulation cleavage which has been recrystallized elsewhere but still preserved in isolated areas. Biotite is sparse and present in the matrix parallel to the foliation.
Zoning and composition
Garnet in this sample shows distinct chemical zoning in a symmetric profile with no apparent jumps in chemistry. The almandine composition is lowest in the core at X alm ≈ 0.52 increasing towards the rim to X alm ≈ 0.7. The pyrope composition is generally low with a minimum in the core of X py ≈ 0.05 increasing up to X py ≈ 0.12 at the rim. The spessartine content varies the most significantly across the grain decreasing from X spss ≈ 0.30 in the core to X spss ≈ 0.09 at the rim. The grossular composition is reasonably constant at X gr ≈ 0.13 decreasing slightly in the outer ~500 µm to X gr ≈ 0.10.
Biotite shows approximate constant chemistry of X Fe ≈ 0.53, muscovite is unzoned (X Fe ≈ 0.40) and plagioclase shows approximate constant chemistry of X Ca ≈ 0.29.
Deformation history
The external fabric wraps the porphyroblast asymmetrically.
Retrogression
Garnet rim are coated in material of an orange-brown colour rich in iron indicating some degree of retrogression.
LG-09-43
Location
The most basal sample of TSS to the klippen contact near Surey, LG-09-43 is an in-situ sample of TSS from a road cut adjacent to GHS orthogneiss.
Assemblage and textures
LG-09-43 has a mineral assemblage of garnet, muscovite, biotite, tourmaline, quartz and ilmenite.
Garnet is sparse and exists as elongate, inclusion-rich grains <2 x 3 mm, which are parallel to the fabric. The inclusions are mainly quartz.
Staurolite porphyroblasts <2 x 2 mm are common, especially in specific horizons and are associated with magnetite and muscovite. Staurolites contain inclusions of apatite, ilmenite and quartz, the inclusions form trails parallel to, and continuous with, the external fabric. Muscovite, biotite and ribbons of quartz define the foliation. There are large regions of quartz-dominated lenses <2 cm wide.
Zoning and composition
Garnet shows very limited chemical zoning. The profile is an asymmetric profile with no apparent jumps in chemistry. The almandine composition is marginally lower in the core at X alm ≈ 0.77 increasing towards the rim to X alm ≈ 0.77. The pyrope composition is approximately constant at X py ≈ 0.1. The spessartine content is generally low decreasing from X spss ≈ 0.06 in the core to X spss ≈ 0.03 at the rim. The grossular composition is reasonably constant at X gr ≈ 0.06.
Ilmenite composition varies according to microstructural position; within the matrix X Ti ≈ 0.48 whereas in staurolite X Ti ≈ 0.44. Muscovite and biotite show no variation in chemistry; in muscovite X Fe ≈ 0.71 and biotite X Fe ≈ 0.53. Staurolite shows no variation in chemistry; X Fe ≈ 0.83.
Deformation history
Inclusions trails of ilmenite in staurolite indicate that there were either two deformation events, or one which rotated the staurolite grains.
Retrogression
Well-formed chlorite is common in this sample. It is concentrated along one deformation plane that is inferred to have allowed fluid flow at a late stage in the rocks history. Garnet is partially resorbed.
LG-09-50
Location
LG-09-50 is an in-situ sample of GHS collected from a road section near Surey in south central
Bhutan, approximately 2.5 km from both the basal and overriding contacts in the narrow expanse of GHS at Surey.
Assemblage
It has a mineral assemblage of garnet, plagioclase, biotite, muscovite, quartz, tourmaline and ilmenite. Garnets are small measuring <700 µm in diameter, inclusions of quartz, plagioclase, ilmenite and biotite are randomly orientated. Grains are rounded and confined to a densely populated layer. Muscovite and biotite are commonly intergrown and form the foliation. Quartz and plagioclase form ribbons and grains parallel to foliation.
Zoning and composition
Garnet 
Deformation history
The main foliation in the rock suggests that at least one phase of pervasive deformation has occurred. Micaceous bands partly wrapping the garnet and the randomly orientated inclusions suggest that garnet growth was pre-tectonic.
Retrogression
The lack of chlorite suggests little retrogression has occurred. Garnet is partially resorbed.
LG-09-60
Location
LG-09-60 is an in-situ sample of Jaishidanda from a road section ~8.5 km north west of Sarpang.
Assemblage
LG-09-60 is a moderately foliated schist which contains garnet, plagioclase, biotite, muscovite, ilmenite, tourmaline, apatite and quartz. Garnet porphyroblasts are <2 mm in diameter, subhedral and embayed, they are wrapped by the external fabric producing pressure shadows.
Inclusions within garnet are of quartz, muscovite, biotite and ilmenite, they form sigmoidal inclusion trails which truncate the external fabric. Biotite and muscovite are fine-grained and are orientated approximately parallel to foliation wrapping garnets and occupying the homogeneous matrix alongside fine-grained quartz; in some cases muscovite mantles garnet. Chlorite is limited to selected biotite breakdown. Plagioclase is subhedral but stable in the assemblage.
Zoning and composition
Garnet from LG-09-60 shows clear and distinct chemical zonation exhibiting a low amplitude bell profile ( Fig. 5.1 ). The almandine content is at a minimum in the core at X alm ≈ 0.61 increasing within ~600 µm to a constant value at X alm ≈ 0.71. The pyrope content is very low at X py ≈ 0.03 increasing towards the rim to X py ≈ 0.06. The spessartine content is at a maximum in core at X spss ≈ 0.15 decreasing constantly towards X spss ≈ 0.02 at the rim. The grossular content is approximately constant at X gr ≈ 0.20 throughout the grain.
Biotite is unzoned but composition varies between grains, one shows X Fe ≈ 0.65 and three grains show at X Fe ≈ 0.55. Muscovite is unzoned; X Fe ≈ 0.43 -0.51 and plagioclase is zoned in one grain increasing from X Ca ≈ 0.14 in the core to X Ca ≈ 0.20 at the rim.
Deformation history
Garnet must have grown before the latest deformation event due to truncated inclusion trails.
Plagioclase is stable and is not breaking down. Garnet is partially resorbed.
LG-09-61
Location
LG-09-61 is an in-situ sample from the base of the GHS, collected from a road section ~8.5 km north-west of Sarpang.
Assemblage and textures
LG-09-61 contains garnet, staurolite, plagioclase, muscovite, biotite, quartz, tourmaline, ilmenite, rutile and apatite. Garnet porphyroblasts are up to 2 mm x 4 mm across and subhedral to rounded. Inclusions of quartz, staurolite, ilmenite, biotite, rutile and muscovite are common.
Quartz defines sigmoidal inclusion trails in the garnet cores. The inclusion trails are truncated by inclusion-poor rims <0.5 mm wide.
Biotite and muscovite define the foliation, which wraps the garnet; these minerals also occupy the pressure shadows. Matrix plagioclase forms anhedral, cracked grains <0.5 x 2 mm in size. Fluoroapatite forms anhedral, cracked grains, <400 µm across, within the matrix and as inclusions in garnet. Quartz forms ribbons within the matrix; grains are deformed into subgrains of various sizes. Ilmenite within the matrix is <200 µm across, anhedral and sometimes contains a core of rutile.
Zoning and composition
Garnet is generally unzoned. The almandine content is approximately constant at X alm ≈ 0.77.
There is a subtle decrease towards the rim increasing again at the very edge. The pyrope content is approximately constant at X py ≈ 0.16 decreasing at the rim to X py ≈ 0.14. 
Deformation history
Garnet has had up to three phases of growth indicated by cores rich in inclusions which define a sigmoidal pattern, a subsequent growth period with randomly orientated inclusions and a final late stage of growth of low calcium content on faces perpendicular to foliation. Staurolite inclusions in garnet suggest that it grew before or during garnet growth.
Retrogression
Chlorite is absent from the assemblage and most phases appear stable suggesting no significant retrogressive effects have occurred. Garnet is partially resorbed.
LG-09-70
Location
LG-09-70 is a pebble sample of GHS collected from the confluence of a north-draining and an eastdraining river near Damphu in south central Bhutan. Although the origin of the sample is unknown, it matches the description of kyanite-bearing schists described by Gansser from the Black Mountains to the east. The rarity of this lithology in the river at this location suggests either that the majority of this lithology has been weathered down or it is rare in the watershed area of this river. It is assumed that the sample is sourced from the eastern river and therefore part of the southern narrow expanse of GHS extending across to Surey south of the Black mountains.
Assemblage
LG-09-70 is well-foliated with an assemblage of garnet, kyanite, plagioclase, staurolite, muscovite, biotite, quartz, apatite and ilmenite. Garnet porphyroblasts are <3 mm in diameter, subhedral and fractured with randomly-oriented inclusions of quartz, staurolite, chlorite, apatite and biotite.
Kyanite forms euhedral and lath-like crystals, with inclusions of biotite and muscovite. Staurolite is porphyroblastic, <2 mm across and contains only rare inclusions of quartz. Muscovite and biotite form laths parallel to the foliation, as well as forming in more random orientations. Quartzand plagioclase-rich lenses are wrapped by bands rich in aluminous phases. 
Zoning and composition
Deformation history
The randomly orientated phases indicate that although there is some compositional banding with limited aligned phases, this rock did not experience pervasive deformation during all of its prograde mineral growth.
Retrogression
The presence of chlorite associated with biotite and a thin orange iron-rich film along fractures in and around garnet indicates a limited degree of retrogression. Garnet is partially resorbed.
LG-09-85
Location
LG-09-85 is an in-situ sample of GHS from the contact between GHS and Paro metasediments in the Wangdue window, collected from a road section ~3 km south of Wangdue.
Assemblage
LG-09-85 is fine-to medium-grained with weak foliation, containing garnet, plagioclase, muscovite, biotite, sillimanite, chlorite, apatite, ilmenite and quartz. There is a lack of compositional banding. Garnets <2 mm in diameter are rounded and contains abundant randomly orientated inclusions of biotite, muscovite, and quartz <0.5 mm in size.
Within the matrix plagioclase is sparse, anhedral, fractures and <0.2 mm across. Biotites are both randomly orientated and form a faint foliation, they form <1 mm laths. Sillimanite is sparse and present as bundles of fibrolite. Garnet is partially resorbed.
Zoning and composition
The 
Deformational history
A weak foliation is preserved and no compositional banding is seen in this sample indicating that it has experienced limited deformation.
Retrogression
A small proportion of biotite is altered to chlorite indicating limited retrogression. Garnet is partially resorbed.
LG-09-90
Location
LG-09-90 is an in-situ sample of GHS within a few hundred metres of the basal GHS contact with
Paro metasediments in the Paro window, collected along a trekking route ~2 km south of Semtoka and 4.5 km structurally and physically below LG-09-98.
Assemblage
LG-09-90 is a well-foliated schist containing garnet, sillimanite, plagioclase, biotite, muscovite, ilmenite, quartz, tourmaline, chlorite and rutile. Garnet <2 mm across is rounded, fractured and contains inclusions of quartz, biotite, muscovite, chlorite, tourmaline and rutile. Fibrolitic sillimanite forms bundles parallel to foliation and associated with biotite. Biotite and muscovite form narrow laths parallel to foliation wrapping garnet grains. Feldspar shows exsolution and twinned textures in some cases.
Zoning and composition
Garnet shows subtle chemical zonation in the outer ~300 µm. The almandine content is approximately constant at X alm ≈ 0.75 decreasing very slightly to X alm ≈ 0.74 at the rim. The pyrope content is approximately constant at X py ≈ 0.16 decreasing at the rim to X py ≈ 0.09. The spessartine content is approximately constant at X spss ≈ 0.04 increasing to X spss ≈ 0.13 at the rim. The grossular content is constant at X gr ≈ 0.06 decreasing to X gr ≈ 0.04 at the rim.
Biotite shows constant chemistry; X Fe ≈ 0.59, muscovite shows inconsistent variation within grains; X Fe ≈ 0.50 -0.54. Plagioclase is unzoned with X Ca ≈ 0.50.
Deformation history
Alignment of sillimanite and biotite indicates pervasive deformation during sillimanite growth.
Garnets wrapped by micas indicate pre-tectonic garnet growth.
Retrogression
Garnet has inclusions of chlorite and is coated in a thin film of orange iron-rich material indicating some degree of retrogression.
LG-09-98
Location
LG-09-98 is an in-situ sample of GHS within a few kilometres of the basal GHS contact with Paro metasediments in the Paro window. It was collected along a trekking route ~1.5 km north-west and structurally and topographically lower than sample LG-09-101.
Assemblage
This sample contains garnet, plagioclase, potassium feldspar, biotite, muscovite, sillimanite, quartz and ilmenite. The rock is banded on a 3-5 mm scale with alternating quartz-and mica-dominated regions. Garnet is <1.5 mm across, embayed and anhedral containing randomly orientated inclusions of quartz, biotite and potassium feldspar. Fibrolitic sillimanite forms bunches lying parallel to the foliation. Biotite grains are <1 mm across, muscovite is finer-grained and sparse.
Plagioclase is fractured and anhedral in grains <0.5 mm across.
Zoning and composition
Only the outer ~100 µm of garnet is chemically zoned. The almandine content is approximately constant at X alm ≈ 0.69 decreasing very slightly to X alm ≈ 0.70 at the rim. The pyrope content is approximately constant at X py ≈ 0.10 decreasing at the rim to X py ≈ 0.08. The spessartine content is approximately constant at X spss ≈ 0.17 increasing to X spss ≈ 0.20 at the rim. The grossular content is constant throughout the grain at X gr ≈ 0.03.
Biotite is unzoned and has the same composition where it is included in garnet and in the matrix; X Fe ≈ 0.63. Muscovite is unzoned and varies between X Fe ≈ 0.55 -0.68. Plagioclase is unzoned and varies between X Ca ≈ 0.19 -0.23. Potassium feldspar is unzoned and shows X Na ≈ 0.10.
Deformation history
A strong foliation indicates at least one period of pervasive deformation.
Retrogression
A lack of chlorite indicated limited retrogression have occurred. Garnet is partially resorbed.
LG-09-101
Location
LG-09-101 is an in-situ sample of GHS collected along a trekking route ~7 km south of Semtoka, within a few kilometres of the basal GHS contact with Paro metasediments in the Paro window.
Assemblage
This sample has an assemblage of biotite, muscovite, potassium feldspar, sillimanite, quartz and apatite. It is relatively course-grained and is poorly foliated. Reddish biotite forms large euhedral grains <3 mm across. Fibrolitic sillimanite forms randomly orientated bundles parallel to the foliation and is sometimes associated with biotite. Potassium feldspar is found infilling around quartz grains.
Zoning and composition
Biotite and potassium feldspar are unzoned and shows X Fe ≈ 0.6. Muscovite is unzoned and shows X Fe ≈ 0.48 -0.51.
Deformation history
Folded foliation indicates at least two phases of deformation.
Retrogression
Plagioclase is altered in patches indicating that some degree of retrogression may have occurred.
LG-10-3
Location
From a road section ~1 km west of the confluence, LG-10-3 is an in-situ sample from the Paro metasediments within the Paro Window.
Assemblage and textures
LG-10-3 has a mineral assemblage of garnet, kyanite, plagioclase, muscovite, biotite, quartz, Garnet from LG-10-3 shows unique chemical zonation with a flat profiled core ~1000 µm in diameter and various zonation patterns in the outer ~700 µm of the grain (Fig. 5.1 ). The almandine content is at a minimum in the core at X alm ≈ 0.81 increasing to X alm ≈ 0.90 at the rim.
The pyrope content is constant at X py ≈ 0.12 in the core increasing to a maximum ~250 µm from the rim to X py ≈ 0.14 then decreases to the rim to X py ≈ 0.08. The spessartine content is constant in the core at X spss ≈ 0.01 decreasing to X spss ≈ 0.00 in the outer ~500 µm of the grain. The grossular content is constant at X gr ≈ 0.05 in the core decreasing progressively in the outer ~500 µm of the grain to X gr ≈ 0.00 at the rim.
Deformation history
A lack of chlorite indicates that limited retrogression has occurred. Garnet is partially resorbed.
Retrogression
Euhedral garnet and an absence of chlorite indicate that little retrogression has occurred and the assemblage represents reasonable peak conditions.
LG-10-13
Location
LG-10-13 is an in-situ sample of TSS from a small exposure crossing the path in the Nikha Chu valley in north central Bhutan. This sample lies approximately 100m above the inferred basal klippen contact with orthogneiss from the GHS and cliffs densely veined by leucogranite structurally below.
Assemblage and textures
LG-10-13 has a peak assemblage of garnet, staurolite, plagioclase, muscovite, biotite, quartz, tourmaline and ilmenite. Garnet porphyroblasts are <1.5 mm in diameter, subhedral and embayed. Inclusions of quartz and ilmenite within the garnet porphyroblasts <0.1 mm in diameter are common. The inclusions form poorly defined sigmoidal trails in the core of the garnet and are approximately consistent with the external fabric. Staurolite is commonly found in association with garnet, it is poikiloblastic and embayed. Rare, fine-grained plagioclase is found in the matrix.
Muscovite and biotite are orientated parallel to the pervasive foliation, wrapping garnets and in random orientations within the pressure shadows of garnets. Quartz-rich regions are constituted of smaller subgrains.
Zoning and composition
Garnet shows an asymmetric element profile with minor chemical zoning. The almandine content is lowest in the core at X alm ≈ 0.65 increasing towards the rims to X alm ≈ 0.78. The pyrope composition is reasonably constant; X py ≈ 0.07 in the core and X py ≈ 0.1 at the rim. The spessartine content shows significant variation across the grain with a maximum in the core at X spss ≈ 0.21 decreasing towards the rim to X spss ≈ 0.07. The grossular content is reasonably constant across the grain at X gr ≈ 0.05.
Biotite, muscovite and staurolite are unzoned; biotite shows X Fe ≈ 0.55, muscovite shows X Fe ≈ 0.63, staurolite shows X Fe ≈ 0.85. Plagioclase varies between X Ca ≈ 0.17 -0.23.
Deformation history
A single deformation event can be deduced from the garnet wrapped by an external fabric approximately coincident with the internal garnet fabric.
Retrogression
LG-10-54
Location
The most northerly sample of TSS collected in this study, LG-10-54 is an in-situ sample of garnet mica schist collected from a narrow exposure, <50m thick, structurally below a massive expanse of TSS carbonate and above the <1 km thick Gophu La leucogranite.
Assemblage and textures
LG-10-54 has an assemblage of garnet, plagioclase, muscovite, biotite, ilmenite, quartz and tourmaline. Garnet porphyroblasts are <1 cm across are wrapped by the external fabric.
Inclusions within garnet are of quartz, chlorite, muscovite, biotite and graphite. They form sigmoidal trails that are truncated by the external fabric. Graphite in particular defines complex inclusion trails and suggests that the rock fabric was previously crenulated. Muscovite and biotite define the foliation. Some biotite grains cross-cut the fabric.
Zoning and composition
Garnet preserves clear and distinct chemical zoning. The almandine composition increases from the core to the rim (X alm ≈ 0.55-0.70). The pyrope composition is very low (X py ≈ 0.03) and approximately constant through the core, although increases to X py ≈ 0.05 at the rim. The spessartine content is at a maximum in the core at X spss ≈ 0.28 decreasing to X spss ≈ 0.08 at the rim.
The grossular content is high in the core at X gr ≈ 0.12 increasing towards the rim to X gr ≈ 0.18.
Plagioclase shows no consistent zoning; however the chemistry varies between X Ca ≈ 0.73 -0.89 independent of position. Biotite is unzoned and shows X Fe ≈ 0.68, muscovite is unzoned but shows variation between locations; matrix muscovite shows X Fe ≈ 0.67 and muscovite inclusions in garnet show X Fe ≈ 0.80
Deformation history
S1 is preserved within the garnets in graphite trails, garnet grew post S1 and an S2 fabric is preserved in the foliation wrapping the garnets.
Retrogression
Chlorite is confined to the rims and as inclusions within garnet. Although the inclusion could be primary growth of chlorite the chlorite on the rims of garnet is inferred indicated limited retrogression. Garnet is partially resorbed.
LG-10-65
Location
LG-10-65 is an in-situ sample of GHS collected from a road section east of Thimphu in west central
Bhutan within a few hundred metres of the basal GHS contact with Paro metasediments in the Paro window.
Assemblage
LG-10-65 is a medium-grained folded paragneiss containing garnet, sillimanite, plagioclase, potassium feldspar, muscovite, biotite and quartz. Garnet is <1 mm in diameter and contains inclusions of quartz, plagioclase and muscovite in the core. Biotite and muscovite grains are <1mm across and form the dominant matrix phases with feldspar and quartz. Fibrolitic silimanite is associated with biotite.
Zoning and composition
Garnet from this sample shows subtle chemical zonation. The almandine content is at X alm ≈ 0.72 in the core decreasing gradually towards the rim to X alm ≈ 0.68. The pyrope content in the core is at X py ≈ 0.12 decreasing gradually to X py ≈ 0.10 at the rim. The spessartine content is at a minimum in the core at X spss ≈ 0.11 increasing towards the rim to X spss ≈ 0.18. The grossular content is variable at low concentrations. The core of the garnet is at a minimum at X gr ≈ 0.04 increasing to X gr ≈ 0.06 half way between the core and rim before decreasing to X gr ≈ 0.04 at the rim. 
Deformation history
The pervasive fabric is folded, suggesting that two deformation events affected this rock.
Retrogression
The absence of chlorite indicates that it has experienced little to no retrogression. Garnet is partially resorbed.
LG-10-83
Location
LG-10-83 is an in-situ sample of GHS structurally below a synformal "keel" of metasediments from a road section near Chukha in south west Bhutan. The metasediments in this area are considered to be part of the TSS.
Assemblage
This sample has a mineral assemblage of garnet, kyanite, biotite, muscovite, quartz, ilmenite and rutile. Garnets are <2 mm across and subhedral to rounded. Inclusions within the garnet are randomly orientated, relatively absent in outer 200 µm and consist of quartz, biotite, apatite, rutile and muscovite. Kyanite is euhedral to subhedral, <1 mm across and commonly randomly orientated with inclusions of biotite. Biotite is common and forms grains <1 mm across. This rock is poorly foliated although there are quartz-rich bands <1 cm across.
Zoning and composition
Garnet in this sample shows only subtle chemical zonation in the outer rim (<70 µm from the rim).
The almandine composition is approximately constant at X alm ≈ 0.77 increasing to X alm ≈ 0.79 at the rim. The pyrope composition is approximately constant at X py ≈ 0.15 with a slight decrease at the rim to X py ≈ 0.11. The spessartine content is approximately constant at X spss ≈ 0.03 with a slight increase at the rim to X spss ≈ 0.05. The grossular content is approximately constant at X gr ≈ 0.05.
Biotite is unzoned but shows distinct chemical variation between location; matrix biotite shows X Fe ≈ 0.57 and three groups of biotite inclusions in garnet show X Fe ≈ 0.47, 0.50 and 0.55.
Deformation history
Compositional banding, despite a lack in parallel aligned grains, shows that deformation is limited in this sample.
Retrogression
There is no chlorite present in this sample and little sign of mineral breakdown textures indicating that this rock has not experienced any significant retrogressive effects. Garnet is partially resorbed.
Garnet profiles
Figure B.1: Representative garnet chemical profiles from samples throughout Bhutan. Profiles are labelled with the unit they belong to and are in sample number order.
